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FORWARD 
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Task No. 817305 of Project No. 8173. The work was administered under the 
direction of Air Force Aero Propulsion Laboratory, Research and Technology 
Division. Mr. A. E. Wallis was Project Engineer for the Laboratory. 

The studies reported herein began in November 1962, and were concluded 
in November 1963 and were performed by the Research Department of Thermo 
Electron Engineering Corporation under the technical direction of S. S. Kitrilakis, 
Research Manager. Mr. A. L. Hyland was responsible for the laboratory work 
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corrosion tests and metallurgical examinations. 

This report is the final report and it concludes the work on Contract 
No. AF33(657)-10130. The contract report number is 35-64. 
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ABSTRACT 

Results of a program aimed at improving the performance of thermionic 
converters, through the use of cesium halide additives, are reported. These 
results show that such improvement is achieved and is due to the reduction of 
collector work function at each operating condition. 

The reduction in work function is achieved by a shift in the ratio of 
collector-to-cesium reservoir temperature ratio at which the minimum 
collector work function is obtained, thus allowing the converter to be operated 
closer to the condition of minimum collector work function than is useful in 
the cesium-only case. 

It is also reported that corrosion and metallurgical examinations show no 
evidence of chemical attack upon converter components, which can be 
attributed to the additives. 


PUBLICATION REVIEW 

The publication of this report does not constitute approval by the Air Force 
of the findings or conclusions contained herein. It is published for the exchange 
and stimulation of ideas. 
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SECTION I 
INTRODUCTION 

The thermionic converter has shown considerable promise as a means of 
energy conversion. In fact, for certain applications it appears to be the only 
feasible means of conversion. The usefulness of the process can be increased, 
however, if the emitter temperatures can be lowered and the conversion effi¬ 
ciencies increased. This was the aim of this one year program undertaken by 
Thermo Electron and sponsored by the Flight Vehicle Power Branch, USAF. 

The approach taken was based on the experiments of several workers in the 

field who reported an enhancement of thermionic emission in the presence of 

cesium vapor and compounds of cesium with electro-negative elements. Langmuir^ 

2 

observed this with cesium oxide, Aamodt reported on the effects of cesium flu- 
oride, and more recently Jester reported also on cesium fluoride. 

Specifically, the program was aimed at experimentally determining whether 
the lowering of the electrode work function in the presence of cesium halides 
could be achieved in an actual thermionic converter and whether it would result 
in an increase in performance for a given emitter temperature. The question of 
whether this effect was permanent or transient had to be answered and the cor¬ 
rosive effects, if any, of the additives on converter components were to be 
evaluated. 

The experimental program consisted of two general categories of experiments: 

1. Parametric performance testing to evaluate the effects of the presence 
of additives on converter performance. 

Manuscript released by authors in December 1963 for publication as an APL 
technical documentary report. 
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2. Life tests at operating temperature of converters charged with cesium 
and additives followed by metallurgical examination, to determine if any 
high rate of attack upon converter components is likely. 
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SECTION II 
SUMMARY 


1. This program has demonstrated that cesium halide additives when added to 

a cesium converter with refractory metal electrodes, will improve the perform¬ 
ance of the thermionic converter. It has been shown that the improvement is the 
result of the reduction of the collector work function for the particular operating 
condition and that this reduction is achieved by a shift in the ratio of collector to 
cesium reservoir temperature at which the minimum collector work function is 
obtained. The shifi allows the converter to be operated closer to the minimum 
collector work function condition than would be possible in the cesium only case. 

2. Corrosion tests and metallurgical examinations have resulted in no evidence 

of chemical reactions that can be attributed to the presence of the additives. Photo¬ 
micrographs show that all converter components examined after these tests were 
typical of such components exposed to cesium vapor only. 

3. Converter performance appears to be independent of the additive reservoir 
temperature once a certain threshold temperature is exceeded, which should 
make possible the omission of the additive reservoir by locating the solid additive 
near the collector and providing an orifice at the inlet of the tube leading to the 
cesium reservoir. 

4. An initial time lag of several hours is noted in realizing the effects of the 
additive. 

5. Further experimental and analytical work is required to fully understand the 
phenomena noted in items 3 and 4 above and to determine the most useful manner 
of incorporating and controlling the additives to fully optimize its benefits to con¬ 
verter performance. 
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SECTION III 
TEST VEHICLE 


The experimental work on this program was conducted primarily on a therm¬ 
ionic converter test vehicle which had been designed prior to the time the program 
was initiated. At the start of the program, the design was slightly modified in 
order that the vehicle might accommodate the additive reservoir required for 
these experiments. The cross section of the modified converter is shown in 

Figure III-l. The emitter and collector are of plain parallel geometry and have 
2 

an area of 3 cm . The emitter (3) is supported with a thin walled member which 
connects to the emitter supporting structure and radiator (1). The collector and 
emitter structures are joined with a flexible seal (5) which allows variation of the 
spacing. The collector (4) is supported on a cylindrical member (6) which joins 
the main converter to its supporting structure. The emitter is heated by electron 
bombardment from an electron gun housed in the cavity behind the emitter. The 
emitter temperature is read in a blackbody hole on the backside of the emitter 
slab. The collector is also provided with a cavity which houses a heating filament, 
thus allowing the collector to be heated at any time during the operation of the con¬ 
verter. The collector temperature is maintained at a desired value by balancing 
the addition of heat from the resistance heater (9) against the heat withdrawn by a 
water cooling coil (11). The tubulation (8) connects the converter to the additive 
reservoir (10). The additive capsule (12) is contained in a closed tube below this 
reservoir and another tubulation connects the cesium reservoir (13) to the side of 
the additive reservoir. An orifice (15) is located at the opening of the cesium 
tubulation and allows the cesium pressure to be determined by the temperature 
of the cesium reservoir (13) while the additive pressure is determined by the 
temperature of its own reservoir. The vapor pressure of all the additives con¬ 
sidered in this program is significantly lower than that of the cesium. It is. 
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therefore, necessary to operate the additive reservoir at considerably higher 
temperatures than the cesium reservoir, although the additive pressure is still 
significantly lower than the cesium pressure. The small aperture (15) allows 
the cesium vapor to be in equilibrium across it, while the additive passes through 
the orifice at an extremely low rate. 

Figure III-2 is a photograph of the converter substructures before final 
assembly and Figure III-3 shows the converter after assembly is complete. The 
test vehicle proved sufficiently flexible for all of the experiments conducted 
during this program. The corrosion tests were performed in a simplified ver¬ 
sion of a hardware converter, shown in Figure 1II-4. This device employs all 
the materials typically used in thermionic converters, including the insulating 
seal. However, its simple design makes it quite inexpensive compared with the 
vehicle used for the performance tests. 
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Figure lU-l Crose Section of Teet Converter 
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Figure III-4 Corroiion Teet Vehicle 
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SECTION IV 


EXPERIMENTAL RESULTS 

A. Performance 

This portion of the program consisted of taking comparative data on the per¬ 
formance of a cesium thermionic converter with and without the presence of 
additives. Both rhenium ana tungsten were used as emitter materials opposite 
molybdenum collectors. Each emitter material was tested sufficiently, with 
cesium only in the converter, to establish that its performance conformed to the 
performance of the same material in previous parametric performance studies. 
This involved obtaining families of current voltage curves at several emitter 
temperatures and spacings. Subsequently, the metallic capsule containing the 
additive was broken and the additive was introduced into the converter. Testing 
of the converter was then continued with the additive reservoir temperature as a 
variable. 

Figure IV-7 shows a typical family of current voltage curves for the cesium 
only condition. The individual current voltage curves cross each other and each 
curve exhibits a maximum current value at a specific voltage. This fact makes it 
possible to determine an envelope which is tangent to each current voltage curve 
and represents the maximum performance obtainable at the particular emitter 
temperature, spacing, and collector temperature employed. In comparing the 
performance of either the same material in two different converters, or different 
materials, it is far less ambiguous to compare these envelopes than to compare 
individual current voltage curves since a small variation in cesium reservoir 
temperature can result in a significant change in output voltage or saturation 
current. This method of comparison was used throughout the program being 
reported here. Figure IV-3 is a family taken at conditions very similar to those 
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of Figure IV-7 except that cesium fluoride was present. The effect of the cesium 
fluoride can immediately be appreciated by inspecting the two figures. The com¬ 
parison between the two is emphasized by the superposition of the envelope of 
Figure TV-7 on Figure IV-3. The dotted line on Figure IV-3 represents the en¬ 
velope from Figure IV-7. 

Before discussing the experimental results obtained with each additive, cer¬ 
tain general remarks should be made about the behavior of both additives. When 
the metal capsule containing the additive was opened, several hours were required 
before the effect of the additive was manifested as a change in performance. This 
behavior cannot be explained by the low vapor pressure of the additive, nor by any 
diffusion process through the cesium vapor. At this time, no satisfactory physical 
model has been devised to describe this process. It was observed, however, that 
once the effect of the additive becomes evident in the performance of the converter, 
lowering of the additive reservoir temperature does not reverse the process. In 
fact, the performance appears to be independent of additive reservoir temperature 
once this threshold is reached. 

It may also be generally concluded that the primary effect of either of the 
additives appears to be a change in collector work function. The emitter work 
function remains relatively unaffected by any additive tried so far. 

The performance of the tungsten emitter - molybdenum collector converter, 
charged with cesium plus cesium fluoride, is shown in Figure IV-1 through IV-6. 
The emitter temperatures range from 1540° K to 1950° K. A family of curves 
including approximately 10 current voltage characteristics, is shown in each 
figure. Each single characteristic is obtained as a specific cesium reservoir 
temperature, and an entire family covers a span in cesium reservoir tempera¬ 
ture of between 70° and 100° K. Thus, each family includes the whole range of 
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parameter variation that is of interest from a power production standpoint. Fig¬ 
ures IV-7 through IV-9 show families of current voltage curves taken before the 
cesium fluoride capsule was opened. The conditions of Figures IV-7, 8, and 9, 
correspond closely to those of Figures IV-3, 5, and 6, respectively. To facilitate 
comparison between these pairs of figures, the envelope for the cesium only fam¬ 
ily of curves is plotted as a dotted line on the figure showing the same family with 
the additive present. Inspection of any of the matched pairs of families will reveal 
that individual curves of approximately the same cesium reservoir temperature 
have saturation current values of nearly the same magnitude and that the shape of 
these curves is very similar. In fact, the two groups of curves can be superim¬ 
posed by sliding them along the voltage axis. This, of course, is reflected in the 
fact that the envelopes of the curves are parallel to each other with the output volt¬ 
ages of the cesium-only envelope being smaller by about 0. 1 volt. 

A maximum power point can be determined for each of the envelopes described 
above. These maximum power points and the corresponding output voltage for the 
cesium-only case and for the cesium plus cesium fluoride case are shown in Fig¬ 
ure IV-10. The data at 1540° K and 1590° K emitter temperature were taken at 
spacings of 15 mils while the remainder were obtained at 6 mils. 

Figures IV-11, 12, and 13 summarize the performance of the rhenium emitter- 
molybdenum collector converter with cesium chloride additive. The correspond¬ 
ing families before the cesium chloride was introduced are shown in Figures IV-14, 
15, and 16. For comparison, the envelopes of the families using only cesium are 
also plotted as dotted lines on Figures IV-11, 12, and 13. The effect of cesium 
chloride is seen to be very similar to that observed with the cesium fluoride in 
the tungsten - molybdenum converter. Figures IV-17, 18, 19, ana 20 show envel¬ 
opes of current voltage families for the rhenium emitter molybdenum collector 
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converter with and without cesium fluoride present. The data again show a trans¬ 
lation of the envelope to higher voltages by about 0.1 volt when the additive was 
introduced. 

A majority of the families of current voltage curves presentedi were repro¬ 
duced at least once during the testing program of each converter. The reproduc¬ 
ibility was well within the experimental error known to exist in the measurement 
of the various parameters. 

Several times the converters were allowed to reach equilibrium at a given 
set of conditions and then maintained at that point for a period of 10 to 20 hours. 

At the end of this time, the converter output was found to be very close to the 
value observed at the beginning of the test. 

B. Collector Work Function 

The performance data described above indicates that the only effect of the 
cesium halide additives is the translation of the current voltage curves. No other 
significant change has been observed within the experimental error of the measure¬ 
ments. This behavior suggests that a lowering of the collector work function has 
occurred due to the presence of the cesium halide additives. To verify this con¬ 
clusion! a series of tests were conducted to determine the values of the collector 
work function. Prior to the initiation of the present program, the Research De¬ 
partment at Thermo Electron had obtained a correlation of the collector work 
function (in several molybdenum collector converters) with the ratio of collector 
temperature to reservoir temperature. This correlation proved to be unique and 
independent of any other parameters. Figure IV-36 shows this correlation for the 
cesium-only condition (curve A). The spread of the original experimental data 
was approximately 0.1 volt. The procedure used to obtain collector work function 
measurements consists of recording current voltage curves under ion rich condi- 
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tions by observing that the emitter saturation current increases for increasing 
cesium pressure and follows an exponential relationship with cesium pressure. 

Figure IV-21 is a typical run. It will be observed that a backcurrent exists 
at high voltages; in fact, voltages higher than the open circuit. This backcurrent 
is presumably due to back emission ion currents and leakage across the emitter - 
collector insulator. When this backcurrent is added to the forward current, the 
resulting value of the current will correspond to the current modulated by the 
barrier created by the sum of the output voltage and collector work function. If 
this assumption is correct, the logarithm of the output current, corrected for the 
backcurrent, should be linearly dependent on output voltage and can be plotted 
upon semi-log paper as a straight line with a slope equal to —^—. Figures IV-22 
through IV-35 are such plots of data taken during this program. 

The collector work function can be computed by substituting the emitter tem¬ 
perature and the output current density for the particular curve in the Richardson 
equation and then solving that equation for the corresponding barrier. This barrier 
is the sum of the output voltage and the collector work function and by subtracting 
from it the output voltage, the collector work function is determined. The results 
of these experiments are shown in Figure IV-36 as individual points. A curve (B) 
is passed through these points. The open circles correspond to the tungsten - 
molybdenum converter with cesium fluoride and the solid black circles correspond 
to the rhenium - molybdenum converter with cesium fluoride. Data points corre¬ 
late within about 0.1 volt which is similar to the correlation obtained with the 
cesium-only converter shown in curve A of Figure IV-36. It is observed that the 
minimum work function obtained with the additives in the converter has not become 
any lower than it was when cesium-only was used. However, it has shifted to a 
lower value of collector temperature to cesium reservoir temperature (about 1. 5 
rather than 2). 


14 




The significance of the change of the value of =— at which the minimum work 
function occurs can be appreciated by realizing that the reservoir temperature is 
dictated by emission considerations. That is, for the emitter to yield a signifi¬ 
cant current at a given temperature, the cesium reservoir has to be confined with¬ 
in certain narrow limits. The collector work function correlation indicates that 
in the region of interest the collector work function drops with increasing values 
of collector to reservoir temperature ratio. To increase this ratio, with the 
reservoir temperature fixed, the collector temperature must be increased. Typical 
cesium reservoir temperatures required by the emitter are in the vicinity of 
600° K. To achieve the minimum collector work function, for the cesium-only 


case, the ratio of —— must be approximately 2, and for a Tp equal to 600 
^ R 

Tj~ must then be equal to 1200, At 1200° C, however, back emission at the 

existing combination of electrode temperature and work function becomes very 

large, probably higher than the corresponding forward emission. This fact makes 

the minimum collector work function impossible to achieve for the cesium-only 

case. However, when the additive is present, it causes a shift of the value of 
TC 

7 =— at which the minimum collector work function occurs and the possibility of 
operating at the condition of minimum work function is achieved. 


C. Corrosion Tests 

In parallel with the experiments designed to determine the effect of compounds 
of cesium with electronegative elements on the performance of thermionic con¬ 
verters, tests were conducted aimed at detecting any corrosive effects of these 
compounds on converter structures. 

The compounds considered in the program were CsF, CsCl, and Cs^O. All 
three materials were obtained in purities 99. 9% or higher, encapsulated in evac¬ 
uated glass capsules. The glass capsules were broken and the salts quickly 
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transferred to metal capsules which were then outgassed at 150° C for 10 hours 
to expel any moisture adsorbed from the atmosphere before pinching off. These 
metal capsules were inserted in the test vehicles and broken at the appropriate 
time. 

The above procedure proved satisfactory for CsCl and CsF but failed in the 
case of Cs^O. The Cs^O metal capsules when heated to 150° C during outgassing 
invariably leaked. The metal walls of the capsule were severely corroded in each 
case. It is not clear at this time what the mechanism of the chemical reaction 
taking place is, but after five trials, Cs^O was abandoned in favor of testing a 
W emitter - Mo collector converter with CsF. 

The metallurgical examinations described below were performed on test 
vehicle components exposed to Cs + CsF and Cs + CsCl at typical converter 
operating conditions for periods in excess of 350 hours for each additive salt. 

The vehicle was mounted in plastic and sectioned. The sections were 
polished and, in some cases, etched locally with a swab. 

Figure IV-37 shows the metal-ceramic seal, which is a critical part of the 
diode. Figure IV-38 is an enlargement of the extremity of the seal which was 
exposed to the inside of the diode. Each of these appears to be in good condition, 
and no significant corrosion is observed at the inner end. Figure IV-39 is of the 
Ni to Cu braze in the tubulation. The small crack at the interface at one edge of 
the picture is typical of this design of braze, in which the nickel tube is inserted 
in the copper tube, and heat applied locally to form a low melting Cu-Ni alloy. 

This process tends to leave a crack between the two tubes, which is not attributed 
to corrosion at the interface. Figure IV-40 shows the Ni-Mo braze. A copper 
base braze metal has alloyed considerably with the nickel tube and slightly with the 
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molybdenum. The extreme end of the nickel tube is tapered in toward the center 
during fabrication, and again the dark V between Ni and Mo is not attributed to 
corrosion. 

Figures IV-41 and IV-42 show the inner (curved) surface of the Ni and Cu 
tubes, both of which are clean to the naked eye, and show some thermal etching 
of grain boundaries but no corrosion. 

Figure IV-43 is of the face of the collector. This was found to have a small 
amount of black deposit on it when opened. This was easily wiped off before the 
photograph was taken; it is similar to deposits found in older diodes, which were 
then attributed to contamination of the cesium supplied to us. The collector sur¬ 
face of Mo, is typical of a hand lapped surface, and shows no significant changes 
since fabrication. 

Figure IV-44 is of the Mo-Ni braze where it was exposed to the diode atmos¬ 
phere. No corresponding photograph before exposure is available for comparison. 
There may be a small amount of corrosion at the free surface of the copper braze 
alloy, but this is doubtful. The Mo, Ni, and Cu separately, all have good corro¬ 
sion resistance here, and the extent of the attack is extremely small. It has not 
begun to reach the structurally important part of the braze. 

Figure IV-45 is the corresponding picture for the Mo-Ta braze. The above 
observations apply here too; there may possibly be a little corrosion, but it is not 
possible to confirm that there is any, and if there is, its extent is trivial. 

Inspection of other parts of the diode with the naked eye and low power micro¬ 
scope revealed no significant corrosion. A few "spots" occurred and some small 
green deposits, possibly CuCl, were found, but in each case swabbing with water 
removed the deposit, and no localized pitting attack or grain boundary attack was 
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found. Experience on other corrosive systems suggests that all the corrosion 
observed here could reasonably be attributed to small traces of impurities in 
the metals present. 

D. Conclusions 

This examination gives no reason to believe that the presence of CsCl or 
CsF in the atmosphere of this would have shortened its life significantly by 
comparison with a like diode operating with cesium only. 
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43-R-12-170 63-R-12-171 
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Figure IV-38 Metal-Ceramic Seal, End Expoaed to Diode Atmosphere, 

Etched, (150x) 
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Figure IV-39 


Cu-Ni Tabulation Brace, End of Fueed Zone at Side of 
Picture, Unetched, (560x) 















Figure IV-41 Inside of Ni Tube, (310x) 


43 







Figure IV-42 


Iniide of Cu Tube, (150x) 
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SECTION V 

CONCLUSIONS AND RECOMMENDATIONS 


The experimental evidence presented clearly shows that the presence of 
cesium fluoride in cesium vapor thermionic converters results in an enhance¬ 
ment of the converter performance. This enhancement appears to be due wholly 
to a reduction of collector work function by approximately 0. 1 volt. Measure¬ 
ments of colleftor w.ork function in the presence of cesium fluoride have con¬ 
firmed this conclusion. However, it should be pointed out that the value of the 
minimum collector work function has not been lowered. Rather, the curve which 
correlates collector work function to the ratio of collector and reservoir temper¬ 
ature T^/Tj^ has been shifted toward lower values of Tq/Tj^, which results in a 
closer approach to the minimum collector work function. Since the cesium res¬ 
ervoir temperature Tj^ is primarily dictated by emitter requirements, the only 
way previously available to approach this minimum was to increase the collector 
temperature Tj^ which resulted in a rapid decrease in output current due to col¬ 
lector emission. Thus, the addition of cesium fluoride has provided a new var¬ 
iable by which this previous constraint can be removed, 

The fact that the converter performance is independent of the additive reser¬ 
voir temperature, once a certain threshold is achieved, makes it possible to avoid 
the use of two reservoirs which may prove cumbersome in certain applications. 
The fluoride can be introduced in a region close to the collector which is at a 
temperature above the required threshold. An orifice has to be provided, how¬ 
ever, at the beginning of the tubulation leading to the cesium reservoir. This 
orifice will greatly reduce the flow of additive into the colder cesium reservoir. 

A certain amount of fluoride will, of course, flow through this orifice but, due to 
its low vapor pressure, this amount will be extremely small and operating lives 
of many thousands of hours can be achieved by introducing a limited amount of 
fluoride at the collector base. 
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Cesium chloride has proved somewhat inferior to cesium fluoride in its ability 
to enhance converter performance. Moreover, there appears to be no other reason 
for preferring the chloride over the fluoride. Since the additive appears to achieve 
its beneficial effects on performance by lowering the collector work function, there 
appears to be no reason to believe that the same effects cannot be achieved with any 
emitter material, the only reservation being any possible corrosive effects on other 
emitter materials which were not tested in this program. 

The work reported is regarded as the first step in the process of investigating 
the advantages offered by cesium halide additives to the conversion process. But 
as is frequently the case, the present investigation has posed new questions in the 
process of achieving its objective. 

The initial time lag in the response of converter performance to the presence 
of the additive, as well as the insensitivity of performance to the additive reser¬ 
voir temperature after a threshold temperature is reached, suggests that the 
additive adsorbed on the electrodes is not in equilibrium with the additive in the 
reservoir. Understanding the physics of this process will be a significant advance 
in surface physics but it will be equally valuable for optimizing the use of the 
additive to attain even greater gains in performance. For example, there is no 
obvious reason at this time why the work-function-vs-T^/Tj^- curve cannot be 
shifted to even lower T^/Tj^ values, making possible the utilization of even lower 
collector work functions. 

To capitalize on the knowledge gained in the present program, as well as 
accelerate the use of halide additives in hardware devices, the following experi¬ 
mental work is recommended; 

1. The effects of CsF alone in a research-type test vehicle should be inves¬ 
tigated prior to the introduction of cesium. Such a test vehicle should have the 
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CsF reservoir located as close as possible to the interelectrode space. This in¬ 
vestigation would make possible the determination of the relationship of electrode 
coverage to the reservoir conditions. The pressure of additive in the interelec¬ 
trode space can be determined by measurement of positive and negative ion cur¬ 
rents and compared with the pressure expected from vapor pressure data. Such 
measurements should be conducted under steady state and transient conditions. 

2. The work up to now has indicated that the beneficial effects of the halides 
are taking place on the collector surface. The dependence of collector work func¬ 
tion on additive pressure and on other variables should be more accurately defined 
than was possible in the present program. A test vehicle with an active collector 
guard ring should be employed, a scheme which removes most ambiguities from 
collector work function measurements, and greatly increases the accuracy of the 
experiment. Particular attention should be paid to the dependence of the (f vs 
T^/Tj^ correlation to the additive pressure, again under steady state and transient 
conditions. 

3. The ultimate users of additives will, of course, be the hardware design¬ 
ers. To them the use of a second reservoir, the temperature of which has to be 
controlled, is an undesirable complication. The results up to now, which indicate 
that a second reservoir will not be necessary, are therefore encouraging. How¬ 
ever, the single reservoir concept for hardware designs must be developed and 
tested experimentally, before being turned over to the hardware designers for 
use in power generator programs. 
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